Cellular stress eliminates irreversibly damaged cells by initiating the intrinsic death pathway. Cell stress is sensed by pro-and antiapoptotic members of the Bcl-2 protein family, which regulate the release of apoptogenic factors, such as cytochrome c, from mitochondria. Exposure of cells to hyperthermia results in the activation of the proapoptotic Bcl-2 family protein Bax, which plays an essential role in cytochrome c release. Heat directly affects Bax activity in vitro; however, antiapoptotic Bcl-2 family proteins, such as Bcl-xL, can suppress this activation, suggesting that a second heat-sensitive step must be breached before apoptosis ensues in cells exposed to hyperthermia. Here we show that heat shock causes the loss of 
Stress-induced cell death is controlled by pro-and antiapoptotic members of the Bcl-2 protein family. Interactions between these proteins regulate the release of cytochrome c from mitochondria, which binds cytosolic Apaf-1 leading to its oligomerization into a caspase-activating complex called the apoptosome. Proteolytic processing of procaspase-3, by apoptosome-associated caspase-9, leads to its activation. This effector caspase cleaves specific proteins that ultimately result in cellular inactivation and apoptotic body formation. 1 The release of cytochrome c from mitochondria occurs through channels formed by oligomerization of the proapoptotic Bcl-2 family members Bax and Bak. 2 This step is inhibited by the antiapoptotic Bcl-2 family members Bcl-2, Bcl-xL, Mcl-1 and A1. 3 The ability of these proteins to suppress Bax/Bak activation is negatively regulated by proapoptotic BH3-only-containing Bcl-2 family members, of which there are eight in humans, including Noxa, Puma, Bid, Bim and Bad. The BH3-only proteins act as stress sensors, which when activated either by increased expression or posttranslational modification, suppress the ability of the antiapoptotic Bcl-2 family proteins to repress Bax and Bak. 4 In addition to this indirect mechanism of Bax/Bak activation, some BH3-only proteins (Bim and Bid) are thought to act directly on Bax and Bak by promoting a conformational change necessary for mitochondrial membrane insertion (Bax) and oligomerization (Bax/Bak). 5 Exposure of lymphoid cells to mild hyperthermia triggers apoptosis through Bax activation. 6 Bax and Bak are essential for heat-induced apoptosis, as cells lacking both proteins do not release cytochrome c when exposed to hyperthermia. 7 Heating purified mitochondria or recombinant Bax in vitro can directly trigger the conformational change in Bax and Bak that leads to oligomerization and cytochrome c release. However, the addition of cytosol or the cytosolic antiapoptotic protein Bcl-xL inhibited heat-activated Bax and Bak, 7 indicating that a second heat-sensitive step must be breached before apoptosis ensues. In support of this, when cells are exposed to hyperthermia, maximal Bax activation and cytochrome c release do not occur until several hours after the heated cells are returned to 371C. 6 In this study, we sought to determine whether the inactivation of the antiapoptotic protein Mcl-1 was responsible for this second heat-sensitive step. The rationale for this is that unlike Bcl-2 and Bcl-xL, Mcl-1 has a short halflife allowing rapid changes in protein levels in response to stress or survival signaling. 8 Mcl-1 is essential for the normal development of the immune system. It is often overexpressed in malignant cells including follicular lymphoma and multiple myeloma, in which antisense-mediated downregulation of Mcl-1 was sufficient to induce apoptosis. 9, 10 The expression of Mcl-1 is transcriptionally controlled by growth factor and cytokine signaling pathways. Regulation of Mcl-1 function can occur through alternative splicing to produce an Mcl-1L antiapoptotic isoform  and a BH3-only Mcl-1S proapoptotic isoform. 11 Caspase cleavage within the N-terminal domain can also generate a proapoptotic protein. 10 Mcl-1 is eliminated by proteasomal degradation in response to genotoxic stress, and this loss of Mcl-1 is essential for Bax/Bak oligomerization and caspase activation. 12 Mcl-1 is targeted for proteasomal degradation by the BH3-containing E3 ligase Mule (aka: Ureb1, Lasu1, HUWE1 and ARF-BP1). 13 Removal of growth factor signaling can trigger Mcl-1 elimination through glycogen synthase kinase (GSK)-3-mediated phosphorylation of Mcl-1 serine-159.
14 Mcl-1 function has also been shown to be regulated by JNK-catalyzed phosphorylation. 15 Loss of Mcl-1 promotes apoptosis by preventing the sequestration of proapoptotic Bcl-2 family proteins Bak and Bim. 16, 17 
Results
Noxa depletion inhibits heat-induced apoptosis. The human acute lymphoblastic T-cell line PEER undergoes apoptosis during incubation at 371C after exposure to hyperthermia. 21 Overexpression of Hsp70 prevents heatinduced Bax activation, cytochrome c release and caspase activation in these cells. 6, 22, 23 To determine the events upstream of Bax activation that are induced by hyperthermia, we examined the role of the BH3-only protein Noxa in heatinduced apoptosis. For this, we produced PEER cell lines stably expressing a Noxa shRNA (clones N12, N14 and NG7) or an irrelevant shRNA (S13) using the pSUPER shRNA expression plasmid. In cells exposed to hyperthermia, Noxa protein levels decreased initially and then returned to higher than basal level by 6 h after the heatshock treatment (Figure 1a ). In the Noxa shRNA cell lines, basal levels of Noxa were undetectable and the level at 6 h after heat shock was greatly reduced compared with the parental or control shRNA cell line. As Noxa has been shown to regulate Mcl-1 levels we also examined the effect of hyperthermia on Mcl-1 in these cell lines. Heat shock caused a decrease in the levels of Mcl-1L in both the parental and control shRNA cell line. In contrast, basal levels of Mcl-1 were elevated in the Noxa shRNA cell lines and these levels were maintained in cells exposed to hyperthermia.
Depletion of Noxa therefore prevents the heat-induced loss of Mcl-1. To determine whether this confers increased heat resistance, cells were exposed to hyperthermia and assayed for protease activity toward Ac-DEVD-AMC (N-acetyl-AspGlu-Val-Asp-(7-amino-4-methylcoumarin) (DEVDase activity) ( Figure 1b) and scored for the presence of apoptotic cells (Figure 1c) . Compared with the control shRNA cell line, both caspase activation and the apoptotic cell count were reduced in the Noxa shRNA cell lines. Noxa has been shown to play a role in ultraviolet (UV)-induced apoptosis, as Noxa-deficient mouse fibroblasts are resistant to UV treatment. 24 The Noxa shRNA cell lines also showed reduced caspase activation in response to UV exposure (Figure 1d ). Long-term survival assays demonstrate enhanced resistance to UV or hyperthermia in Noxa-depleted cells (Figure 1e ). Noxa reduction therefore does not simply delay apoptosis in the stressed cells.
Noxa depletion inhibits heat-induced Bax activation. Bax activation proceeds through an initial priming step that alters its conformation, allowing mitochondrial membrane insertion followed by oligomerization, producing channels that permit the release of cytochrome c. The antiapoptotic Bcl-2 family proteins negatively regulate this oligomerization step. Exposure of cells to hyperthermia induces a conformational change in Bax that permits its translocation and oligomerization in the mitochondrial outer membrane. 6 We tested whether Noxa depletion could affect either of these steps in heat-induced Bax activation. The stress-induced conformational change in Bax was assessed by immunoprecipitation (IP) with an antibody specific for the active form of Bax followed by western blotting. Mcl-1 during post-heat-shock incubation at 371C with high levels of association occurring after 6 h when the total levels of Noxa were enhanced. The association of Bak and BimEL with Mcl-1 decreased over this time period. In contrast to the control shRNA-expressing cells, when the Noxa shRNAexpressing cells were exposed to heat shock, Mcl-1 maintained higher levels of association with Bak and BimEL.
Hsp70 overexpression prevents the loss of Mcl-1 in heat-shocked cells. As Hsp70 is a potent suppressor of Bax activation, 6 we next examined the effect of Hsp70 overexpression on Mcl-1 in cells exposed to hyperthermia. For this, we used a stably transfected PEER cell line with tetracycline-regulated expression of Hsp70. 23 The loss of Mcl-1 that was seen when the non-induced cells (OFF) were exposed to hyperthermia was prevented when Hsp70 was overexpressed in the induced cells (ON) (Figure 3a) . Loss of Mcl-1 occurred at approximately the same time as Bax activation and caspase-3 processing in the non-induced cells. Mcl-1 is subject to caspase-3-mediated cleavage at Asp127 generating a 28-kDa fragment.
25 Hsp70 overexpression, which prevents caspase-3 activation in heatshocked cells, 22 prevented both the loss of Mcl-1L and the generation of the Mcl-1 cleavage product. Noxa protein levels were reduced immediately after exposure to hyperthermia and then increased to a higher-than-basal level during incubation at 371C. This occurred in both the non-induced and induced cells; however, the initial loss was somewhat less in the Hsp70-expressing cells.
Heat shock is a potent activator of the stress kinase JNK, which has been shown to phosphorylate and inhibit the activity of Mcl-1. 15 As Hsp70 is able to suppress heat-induced JNK activation, 22, 26 we examined whether the inhibition of JNK by treatment with the specific inhibitor SP600125 could also (a) Expression of Noxa shRNA reduces basal Noxa protein levels and prevents the heat-induced expression of Noxa. Parental PEER, control shRNA clone S13 and Noxa shRNA clones N12, N14 and NG7 were either untreated (C) or subjected to hyperthermia for 1 h at 431C and collected immediately (0) or after an additional incubation at 371C for 3 or 6 h. The abundance of Noxa, Mcl-1, Bak, Bax and Bim was examined in total cell lysates by western blotting. (b) Expression of Noxa shRNA reduces hyperthermia-induced caspase-3 activity. DEVDase activity was examined in lysates of cells from clones S13, N12, N14 and NG7 that were treated as in (a). DEVDase activity is plotted relative to the maximum value (mean ± S.D., N ¼ 3). (c) Expression of Noxa shRNA reduces hyperthermia-induced apoptosis. The S13 and N12 clones were exposed to 431C for 1 h and then incubated at 371C for 6 h. Cell nuclei were stained with acridine orange and the number of apoptotic and viable cells was counted (mean ± S.D., N ¼ 2). (d) Expression of Noxa shRNA reduces UV-induced caspase-3 activation. DEVDase activity was measured in lysates of S13 and NG7 cell clones that were exposed to UV (40 kJ/m 2 ) followed by a 6 h incubation at 371C (mean ± S.D., N ¼ 3). (e) Expression of Noxa shRNA increases long-term viability of cells exposed to UV or hyperthermia. S13 and NG7 clones were exposed to 431C for 1 h or UV irradiation at 40 kJ/m 2 and then incubated at 371C for 72 h. Viability is shown as the mean percentage (±S.D., N ¼ 3) of values for treated cells relative to untreated cells (*Po0.05) (Figure 3b ). SP600125 treatment delayed JNK phosphorylation and inhibited caspase-3 activation. These results suggest that the inhibition of Mcl-1 degradation by Hsp70 may be in part attributable to its ability to inhibit JNK activation, although the role of JNK phosphorylation in the regulation of Mcl-1 protein function in heat-shocked cells remains to be determined.
We also examined whether Hsp70 overexpression could prevent Mcl-1 degradation in cells exposed to UV. Exposure to UV resulted in the loss of Mcl-1 protein in both the noninduced and the Hsp70-expressing cells (Figure 3c ). Hsp70 overexpression was unable to prevent caspase-3 activation and apoptosis in the UV-exposed cells. This is in contrast to Noxa suppression, which was able to protect cells from either hyperthermia or UV exposure (Figure 1e ).
Heat shock causes increased ubiquitination and caspase cleavage of Mcl-1. To determine whether the loss of Mcl-1 was due to proteasomal degradation, we examined Mcl-1 protein levels in cells exposed to hyperthermia in the presence of the proteasomal inhibitor MG132 (Figure 4a ). Treatment with MG132 increased the basal level of Mcl-1 and prevented the loss of Mcl-1 after exposure to heat shock, but did not prevent the generation of the caspase-3-cleaved Mcl-1 fragment. These results show that the loss of Mcl-1L in heat-shocked cells is due to both proteasomal and caspase-mediated degradation. Interestingly, levels of BimEL were also reduced as apoptosis progressed but this was prevented by MG132, illustrating that BimEL is also subject to proteasomal degradation. 27 This effect of proteasomal inhibition on BimEL accumulation may explain why caspase-3 activation occurred when the Hsp70-expressing cells were treated with MG132.
Exposure to heat shock caused the accumulation of ubiquitinated proteins; however, this accumulation did not occur in cells overexpressing Hsp70 (Figure 4a shock but not in cells overexpressing Hsp70 (Figure 4b ). We next examined whether the rate of Mcl-1 protein turnover was affected by heat-shock treatment. For this experiment, cells were exposed to hyperthermia and then incubated at 371C for 3 or 6 h in the presence of cycloheximide. The pan-caspase inhibitor zVAD was included to allow the measurement of protein turnover in the absence of caspase cleavage. The half-life of Mcl-1 at 371C was approximately 3 h in both the non-induced and the induced cells (Figure 4c) , similar to what has been reported in other cell lines. 28 Some loss of Mcl-1 occurred during the 1 h exposure to 431C in the absence of cycloheximide (compare HS: C and 0). When the cells were then returned to 371C and incubated with cycloheximide the rate of Mcl-1 turnover was unaltered in the Hsp70-expressing cells; however, in the non-induced cells, the loss of Mcl-1 was delayed. This is likely due to the excessive load of misfolded and ubiquitinated proteins in the non-induced cells. The ability of Hsp70 to assist in the chaperoning of ubiquitinated proteins to the proteasome 29 allowed for the efficient clearance of ubiquitinated Mcl-1. In the absence of new protein synthesis, actin was also depleted after heat shock in the Hsp70-expressing cells but not in the non-induced cells, illustrating the effect of Hsp70 overexpression on the clearance of ubiquitinated substrates. When cells were incubated at 371C after heat shock in the absence of cycloheximide, but in the presence of zVAD, Mcl-1 was still lost from the non-induced cells but not from the Hsp70-expressing cells, indicating that heat-shock treatment reduced the rate of new Mcl-1 synthesis in the non-induced cells but not in the cells expressing Hsp70. Hsp70 has been shown to provide transcriptional and translational tolerance to cells exposed to hyperthermia. 30 Altogether, these results show that the loss of Mcl-1 in heatshocked cells is due to the combination of reduced synthesis, ubiquitination/proteasomal degradation and caspase cleavage. Each of these effects is suppressed in cells expressing Hsp70, resulting in the maintenance of Mcl-1 levels. 
Discussion
Understanding the mechanisms controlling stress-induced apoptosis is central to the understanding of how cells and organisms respond to their environment. A universally conserved mechanism for providing adaptive tolerance to hyperthermia is the heat-shock response. 31 Stress-induced expression of the heat-shock proteins, which assist in protein conformational homeostasis, allows cells to survive under conditions that threaten the folding integrity of cellular proteins, which can occur during environmental insult, disease and aging. 32 The major heat-inducible protein, Hsp70, plays an important role in stress resistance. 31 How hyperthermia causes apoptosis and how Hsp70 suppresses this are not clear. Earlier, we have shown that the exposure of lymphoid cells to hyperthermia leads to the activation of Bax, a key step in the mitochondrial apoptotic pathway, and that Hsp70 overexpression inhibits heat-induced Bax activation and cell death. 6 In vitro experiments have shown that conditions affecting protein stability, such as non-ionic detergents, altered pH or hyperthermia can also activate Bax. Whether these physical treatments participate in the direct activation of Bax in vivo is not known. Nevertheless, the ability of heat-treated Bax to permeabilize mitochondria in vitro can be inhibited by the inclusion of cytosol or purified Bcl-xL. 7 This suggests that a second heat-sensitive step, involving an antiapoptotic member of the Bcl-2 family, must be breached for hyperthermia to trigger Bax activation. Our results reveal that this second step is the degradation of Mcl-1, which allows Bax oligomerization to occur.
Elimination of Mcl-1 is an essential step in the initiation of apoptosis in response to DNA damage or growth factor withdrawal. 14, 33, 34 Our results indicate that loss of Mcl-1 is also essential for apoptosis to proceed in response to proteotoxic stress. For both genotoxic stress and growth factor withdrawal, the rapid loss of Mcl-1 was due to the relatively short half-life of the Mcl-1 protein. Exposure to UV or etoposide resulted in an inhibition of Mcl-1 mRNA and protein synthesis, such that apoptosis ensued when the existing pool of Mcl-1 turned over without any affect on the rate of this turnover. 34 The inhibitory effect of hyperthermia on protein synthesis also contributed to the loss of Mcl-1 in heat-shocked cells. Hsp70 overexpression, which is capable of providing translational thermotolerance, 30 allowed for the continued replacement of the degraded Mcl-1 by new synthesis.
Mcl-1 protein turnover is regulated by phosphorylation. Following IL-3 deprivation, the loss of Mcl-1 was attributable to an increased rate of Mcl-1 protein degradation.
14 This increase in proteasomal degradation was regulated by Mcl-1 phosphorylation by GSK-3, which was activated as a result of reduced Akt phosphorylation in growth factor-deprived cells. Phosphorylation of Mcl-1 serine-159 by GSK-3 was required for Mcl-1 ubiquitination and proteasomal degradation. Ubiquitination of Mcl-1 is mediated by the E3 ligase Mule (ARF-BP1), which interacts with Mcl-1 through its BH3 domain. 13 Our results show that heat shock caused an enhanced binding of Mule to Mcl-1 followed by the accumulation of ubiquitinated Mcl-1 and that both of these events were inhibited in cells expressing Hsp70. Whether the interaction of Mule with Mcl-1 is also controlled by Mcl-1 phosphorylation is not known; however, this is a common mechanism of substrate recognition by the HECT E3 ligases. 35 Interestingly, GSK-3 requires a priming phosphorylation to recognize a phosphorylatable target residue. In Mcl-1, this priming site, threonine-163, has been shown to be phosphorylated by JNK in response to oxidative stress. 15 JNK is activated by proteotoxic stress and this activation can be suppressed by Hsp70 overexpression. 22, 26 We found that suppression of JNK with SP600125 was as effective as Hsp70 overexpression in the prevention of Mcl-1 turnover in heat-stressed cells. It will be interesting to determine whether JNK-mediated phosphorylation controls the ability of Mcl-1 to interact with Mule.
Noxa appears to play a role in the regulation of 36 and so we cannot conclude that the declining levels of Mcl-1 result in an increased pool of free Bim able to directly activate Bax and Bak. However, our results do show that heat shock leads to the loss of Mcl-1 through a combination of reduced synthesis, inactivation by Mule binding and ubiquitination as well as caspase cleavage and that overexpression of Hsp70 prevents each of these effects resulting in Mcl-1 stabilization. The overall outcome is that Bax is not activated in cells expressing Hsp70. It should be noted that our results do not rule out the potential contribution of Bad and the Badinteracting proteins Bcl-2, Bcl-xL and Bcl-w in heat-induced apoptosis.
Noxa is unique among BH3-only proteins in its high degree of specificity for Mcl-1 and A1. 37 Overexpression of Noxa is not an efficient inducer of cell death unless Bad, which binds to Bcl-2, Bcl-xL and Bcl-w, is also overexpressed. In leukemia cells, the sequestered Bim can be released by a combination of ABT-737, a BH3 mimetic that binds Bcl-2, Bcl-xL and Bcl-w, and treatments that lead to Mcl-1 downregulation, as ABT-737 does not inhibit Mcl-1. 38 Pharmacological modulators of Mcl-1 stability include proteasomal inhibitors such as bortezomib, the cyclin-dependent kinase inhibitor seliciclib and the synthetic retinoid N-(4-hydroxyphenyl) retinamide. [39] [40] [41] Our results suggest that ABT-737 in combination with hyperthermia would provide an effective means to target all of the antiapoptotic Bcl-2 family proteins and promote apoptosis in tumor cells. However, our results also caution that the effectiveness of this regime would be limited in cells that overexpress heat-shock proteins, as often occurs in tumor cells. 31 Therefore, targeting heat-shock protein function in tumor cells may also be required.
Materials and Methods
Cells and treatments. The human acute lymphoblastic T-cell line, PEER, with tetracycline-regulated expression of Hsp70 (PErTA70) has been described. 23 For the generation of Noxa shRNA cell lines, PEER cells were transfected with the pSUPER plasmid (obtained from Dr. Reuven Agami) containing inserts targeting human Noxa mRNA (NM021127.2: AGAAGTAATTATTGACACA) or an irrelevant sequence that does not target any human gene product (TTCTCCGAA CGTGTCACGT) as a control. The plasmid was modified to include the mRFP gene under the control of the CMV promoter to assist in stable clone selection. Cells were maintained at 371C in a 5% CO 2 humidified incubator in RPMI medium with 10% fetal bovine serum (Invitrogen Inc., Burlington, Canada). Cells were heat shocked by the immersion of log-phase cells in a circulating water bath maintained at 43 ± 0.11C. After the hyperthermic treatments, the cells were either diluted in fresh 371C medium, transferred to a culture flask and returned to the 371C incubator or placed directly on ice and washed in cold phosphate-buffered saline (PBS) for collection. For UV exposure, cells suspended in PBS were exposed to 40 kJ/m 2 in
